Mesial temporal lobe epilepsy (MTLE) is the most common form of focal epilepsy in 32 adults and is typically associated with hippocampal sclerosis and drug-resistant 33 seizures. As an alternative to curative epilepsy surgery, brain stimulation evolves as a 34 2 promising approach for seizure-interference. However, particularly in MTLE with severe 35 hippocampal sclerosis, current stimulation protocols are often not effective. Here, we 36 show that optogenetic low-frequency stimulation (oLFS) of entorhinal afferents exhibits 37 unprecedented anti-ictogenic effects in chronically epileptic mice. Photostimulation at 1 38
Introduction 47
Mesial temporal lobe epilepsy (MTLE) represents the most common form of acquired 48 epilepsy in adults and is thought to arise from pro-epileptic modifications of the mesio-49 limbic network (e.g., the hippocampus and entorhinal cortex) due to an initial 50 precipitating insult (Engel, 2001) , which could be a status epilepticus (SE), complex 51 febrile seizures or trauma in early childhood. The most frequent histopathological 52 hallmark of MTLE is hippocampal sclerosis, which is characterized by neuronal cell loss 53 and reactive gliosis and is often associated with granule cell dispersion (GCD) and 54 mossy fiber sprouting (Thom, 2014) . MTLE is of particular clinical interest since it is 55 often resistant to medication and surgical resection of the epileptic focus represents the 56 only therapeutic option. However, many patients do not remain seizure-free following 57 animals). Conversely, the loss of CA1 pyramidal cells, determined as the total length of 114 cell body-free CA1, was similar in all groups ( Figure 2C , 10 mM: 37.72 ± 8.84 mm; 15 115 mM: 49.57 ± 3.27 mm; 20 mM: 42.28 ± 6.44 mm; n = 4/6/5 animals). 116
Comparing the density of hilar neurons in the sclerotic (ipsilateral) and the non-117 sclerotic (contralateral) hippocampus ( Figure 2F , G), we found a significantly smaller 118 loss of NeuN + neurons in the hilus at the KA injection site (idHC) of mice injected with 10 119 mM KA ( Figure 2D , 10 mM: 52.78 ± 7.24% cell loss; 15 mM: 86.47 ± 3.90% cell loss; 20 120 mM: 88.54 ± 1.66% cell loss; 10 mM vs 15 mM and vs 20 mM p<0.001; n=4/6/5 121 animals), whereas Gad67 mRNA + interneurons were equally lost in all groups ( Figure  122 2E, 10 mM: 78.33 ± 3.77% cell loss; 15 mM: 93.35 ± 0.71% cell loss; 20 mM: 85.20 ± 123 4.35% cell loss; n=4/3/5 animals). Animals with a greater loss of NeuN + neurons in the 124 hilus also had a larger volume of the dispersed GCL ( Figure 2H) . 125
Next, we investigated the characteristics of epileptiform activity in chronically 126 epileptic mice using LFP recordings at three positions in the ipsi-and contralateral 127 hippocampus (idHC, ivHC and cdHC) ( Figure 3 ). Interestingly, epileptic bursts occurred 128 6 in a region-specific manner depending on the KA concentration: A low KA concentration 129 (10 mM), associated with mild hippocampal sclerosis, resulted in a spatially more 130 restricted pattern of epileptic bursts compared to high concentrations (15 and 20 mM), 131 associated with strong hippocampal sclerosis and more widespread bursts ( Figure 3A,  132 B, I). A detailed analysis of seizure classes (according to three categories 'high-', 133 'medium-' and 'low-load' bursts) demonstrated that 10 mM KA resulted in fewer high-134
load events compared to 15 or 20 mM KA ( Figure 3C , D, individual values in Source 135
Data Table 1 ). In addition, we found that the overall mean burst ratio and epileptic spike 136 rate were smaller for the low KA concentration with mild sclerosis ( Figure 3E individual values in Source Data Table 2 ). Photostimulation at both 0.5 and 0.2 Hz had 163 also suppressive effects on epileptiform activity, but less pronounced than 1 Hz ( Figure  164 4G -L, values in Source Data Table 2 ). oLFS (1 Hz) did not influence epileptiform 165 activity in no-virus control mice ( Figure 4M -O, individual values in Source Data Table  166 2). 167
To clarify whether the anti-epileptic effect was locally restricted to the stimulation 168 site (idHC), we analyzed LFPs at the other two electrode positions (ivHC and cdHC). 169
Interestingly, epileptiform activity was also suppressed at these sites (data not shown) 170
indicating that oLFS in the sclerotic focus was highly effective in the whole 171
hippocampus. 172
In parallel to LFP recordings and optogenetic stimulation, we assessed if the 173 animals' motor behavior in the open field was influenced by oLFS. We observed that 174 mice showed frequent grooming and exploration during photostimulation. Video tracking 175 revealed that all mice, independent of the KA concentration, exhibited normal running 176 8 behavior that declined gradually during the recording time of four hours (Supplementary 177 Figure 2A -D, individual values in Source Data Table 3 ). Analysis of all 'pre' and 'oLFS' 178 sessions showed a stable pattern over the six days of stimulation (Supplementary Figure  179 2E, F), indicating that hippocampal oLFS did not impair open-field behavior of 180 chronically epileptic mice. 181
Taken together, oLFS of entorhinal afferents at 1 Hz was most effective compared 182 to lower frequencies in preventing the emergence of spontaneous recurrent seizures 183 during stimulation independently of the disease severity. that a strong cellular response is necessary for successful seizure suppression. This 194 observation was most pronounced in the sclerotic focus where we applied 195 photostimulation. When we compared the efficacy of stimulation across frequencies, we 196 considered only sessions with a cellular response within the range of the standard 197 deviation of the mean. Thus, oLFS at 1 Hz resulted in a remarkable reduction (90%) of 198 the burst ratio, whereas 0.5 Hz and 0.2 Hz were less efficient (80% and 40% reduction), 199 but nevertheless showed anti-epileptic effects (Supplementary Figure 3D, Next, we tested whether the neuronal response to oLFS was confined to the 204 stimulated area. To this end, we analyzed the spatial and temporal occurrence of evoked 205 responses at all three recording sites. In all animals, light-pulses delivered to the idHC 206 did not only trigger local but also delayed responses in both hippocampi (Supplementary 207 Figure 5B ) and were also accompanied by the same 238 stereotypic myoclonic movements (e.g., rearing, falling and convulsion). 239
First, we determined the minimum stimulus duration sufficient to reliably trigger a 240 generalized seizure but avoiding that the pro-convulsive 10 Hz stimulus masks the anti-241 ictogenic effect of oLFS ( Figure 6A ). Interestingly, in mice with lower KA concentrations 242 generalized seizures were induced much faster, suggesting a higher susceptibility for 243 seizure generalization ( Figure 6B Next, we probed the competence of oLFS to interfere with generalized seizures. 248
When we started 1 Hz oLFS directly after the pro-convulsive 10 Hz stimulus, we could 249 not interrupt ongoing seizures ( Figure 6D ). In contrast, pre-conditioning with oLFS for 30 250 minutes applied prior to the pro-convulsive stimulus at either 1 or 0.5 Hz very effectively 251 lowered the probability for seizure generalization ( Figure 6E Reaching out towards an understanding of the underlying mechanism, our findings 308 suggest that oLFS in the epileptic focus lowers seizure susceptibility most likely by 309 synaptic fatigue rather than by decreasing the intrinsic excitability of DGCs. was much more prominent compared to direct oLFS of DGCs, although, both protocols 416 showed remarkable performance in acute seizure suppression. Therefore, with respect 417 to acute anti-ictogenic effects, we suggest that oLFS drives the hippocampal network 418 into a "stable state", reducing the probability of seizures while LFS is ongoing. This 419 notion is supported by Chang et al., (2018) (Chang et al., 2018) who showed that 420 evoked interictal-like discharges elicit anti-ictogenic effects that depend on both, the 421 network state and stimulus properties, including amplitude and frequency. This study 422 investigated the influence of interictal discharges on ictogenesis in vitro in local CA3 and 423 CA1 circuits, two subnetworks that are typically lost in MTLE with hippocampal sclerosis. 424
Our results strongly suggest that the authors' observations also apply to the entorhinal-425 dentate network in vivo. In line with this interpretation, oLFS of entorhinal afferents may 426 introduce glutamatergic synaptic perturbation, which is followed by transient suppression In conclusion, our study has identified 1 Hz oLFS of entorhinal afferents as a highly 432 efficient approach to interfere with ictogenesis in MTLE with hippocampal sclerosis. We 433
show that the effect is largely driven by repetitive activation of DGCs residing in the 434 seizure focus, and we have shed light on the associated cellular mechanisms. 435
Considering the potential for clinical translation, our findings may pave the way for 436 effective seizure control in one of the most common forms of drug-resistant epilepsy. Figure 1) . Two stainless steel screws (DIN 84; Schrauben-Jäger, 488
Landsberg, GER) were implanted above the frontal cortex to provide a reference and 489 ground, respectively. Electrodes and screws were soldered to a micro-connector (BLR1-490 type). The implant was fixed with dental cement (Paladur). (Figure 1) . For each frequency, we performed two trials on different 507 days. For no-virus controls, only the 'pre' and 'oLFS' (1 Hz) sessions were done to check 508 for light-or heat-induced effects. 509
Because in the intrahippocampal mouse model spontaneous recurrent seizures 510 are frequent but mainly subclinical, whereas spontaneous behavioral seizures are rare, 511 we additionally evoked these by 10 Hz photostimulation (25 ms pulse duration) ( Figure  512 1) and assessed the effect of oLFS before or after the pro-convulsive 10 Hz stimulus. 513
First, we systematically increased the stimulation duration (in 1-s steps) to determine the 514 minimum duration sufficient to trigger a behavioral seizure for each animal (identification 515 of seizure threshold). Each evoked seizure was manually inspected on the 516 electrophysiological as well as behavioral level: we identified generic features as 517 (Racine, 1972) . The identified 519 seizure threshold was then validated for robust seizure induction for at least three times. 520
In subsequent "preconditioning" oLFS sessions, photostimulation at 1 or 0.5 Hz was 521 performed for 30 min before applying the pro-convulsive 10 Hz stimulus. For both 522 frequencies, a minimum of three trials was performed on different days. In a subset of 523 mice, ictogenic efficacy of the 10 Hz stimulus was tested again after the preconditioning 524 experiments to exclude confounding effects of habituation. Fluorescence composite images were taken with an AxioImager2 microscope using 558 Plan-APOCHROMAT 5x or 10x objectives (Zeiss, Göttingen, GER). Exposure times (5x 559 objective: Cy5-labeled NeuN, 500 ms; 10x objective: Cy3-labeled Gad67 probe, 700 ms, 560
Cy5-labeled NeuN, 5 s) were kept constant for each staining. The images were further 561 processed with ZEN blue software (Zeiss). 562
To assess the extent of hippocampal sclerosis we quantified the volume of the dispersed 563 granule cell layer (GCL) and cell loss in the hilus and CA1 along the septo-temporal axis 564 of the hippocampus using Fiji ImageJ software (Schindelin et al., 2012) . Here, masking 565 was performed, since the evaluator was not aware of the respective kainate treatment. 566
In detail, a region-of-interest (ROI) was drawn visually comprising the dispersed parts of 567 the GCL using the ImageJ "polygon" function in each slice (around 50 per animal). 568
Afterwards, the volume was calculated based on the area measured in each slice 569 (values are given in mm 3 ). For quantification of cell loss, the summed length of 570 pyramidal cell-free gaps in the CA1 region was measured in each section using the 571 "segmented line" function. Furthermore, hilar cell loss was quantified by automated 572 detection (Cell Counter plugin) of NeuN + cells (size parameter: 50-infinity pixel 2 ) and 573
Gad67 mRNA + interneurons (size parameter: 100-infinity pixel 2 ) in the hilus of three 574 dorsal sections for each animal. Here, we calculated the percentage of cell loss in the 575 sclerotic hippocampus compared to the contralateral, non-sclerotic hippocampus (set to 576 100%). In detail, the Cy3 and Cy5 channels were split and individual images were 577 converted to gray-scale. Images were background-subtracted by manual adjustment of 578 the threshold and further processed using the "watershed" function, which separates 579 overlapping cell bodies. A ROI was then defined for the hilus with the "polygon" function, 580 and the respective cell density was calculated. 581 25 582
Analysis of epileptiform activity 583
Recordings obtained from all electrodes were visually inspected for epileptiform activity. 584
Animals that showed abnormal hippocampal atrophy were excluded from the analysis 585 (n=1 for entorhinal fiber stimulation, n=3 for DGC stimulation). LFP data from the idHC 586 site was then analyzed in detail using a custom algorithm (Heining et al., 2019) . In the 587 intrahippocampal KA mouse model, spontaneous recurrent seizures are evident as 588 frequent bursts of high-amplitude sharp waves without behavioral symptoms (Riban et 589 al., 2002) . These bursts were classified according to their spike-load, hence, three 590 categories of discharge patterns were identified (high-load, medium-load, and low-load 591 bursts) as described by Heining et al. (2019) (Heining et al., 2019) . To assess the 592 severity of epileptiform activity within a recording, we calculated a 'burst ratio' as the 593 quotient of the high-load burst duration and the total recording duration. The automatic 594 detection of high-load bursts was verified by visual inspection. To assess epileptic 595 burden of individual mice, the average burst ratio was calculated from a total of nine LFP 596 recordings (15 hours) performed on different days (2x three hours before oLFS 597 experiments, 6x one hour of 'pre' sessions of oLFS experiments and 1x three hours after 598 oLFS experiments; Figure 1 ). In oLFS experiments, anti-epileptic effects were evaluated 599 based on the burst ratio and the epileptic spike rate calculated for the respective 600 sub-session ('pre', 'oLFS', 'post 1', post 2'). Individual trials in which a 'pre' recording 601 had a burst ratio below 0.05 were excluded. Furthermore, we analyzed the magnitude of 602 evoked responses during photostimulation using a 4 th order low pass Chebyshev filter 603 with a cut-off frequency of 300 Hz to calculate the area under the curve (AUC, source 604 code available). The time windows for the calculation of AUCs were set for each light 605 pulse from -0.1 s to +0.2 s for oLFS (1, 0.5 and 0.2 Hz) and from -0.02 s to +0.06 s for 606 the 10 Hz stimulation. To allow comparisons across animals, LFP data was z-scored and 607
responses during high-load bursts were excluded from the calculation of the median 608 AUC and polynomial fit. Recordings obtained from ivHC and cdHC sites were used to 609 analyze the region-specific occurrence of epileptiform activity and to measure pulse 610 latencies between recording sites during photostimulation sessions. 611 612 Acute slice electrophysiology
613
In an additional set of experiments, mice were deeply anesthetized 21 to 28 days after 614 KA (15 mM) and virus injection, perfused with 10 ml cold protective solution containing 615 (in mM): 92 choline chloride, 30 NaHCO 3 , 2.5 KCl, 1.2 NaH 2 PO 4 , 25 D-glucose, 20 616 HEPES, 0.5 CaCl 2 , 5 Na-ascorbate acid, 2 Thiourea, 3 Na-Pyruvate, 10 MgCl 2 and 12 617 N-acetylcysteine (oxygenated with 95% O 2 / 5% CO 2 , 34°C) before dissection. 618
Transverse acute hippocampal slices (300-350 µm) were obtained and incubated for 1 h 619 at 34°C in a solution in which choline was replaced by 1 N-Methyl-D-glucamine (NMDG). 620
Afterwards, slices were stored in artificial cerebrospinal fluid (ACSF, containing in mM: 621 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 25 D-glucose, 2 CaCl 2 and 1 MgCl 2 622 oxygenated with 95% O 2 / 5% CO 2 ) and supplemented with 12 mM N-acetylcysteine at 623
RT. Whole-cell patch-clamp recordings were performed as previously described 624 
877
In addition, a seizure preventing action was tested by applying oLFS prior to the pro-convulsive (10 Hz) 878 stimulation (preconditioning). Finally, animals were perfused after the last LFP recording session and brain 879 sections were processed for immunohistological procedures. FISH, fluorescent in situ hybridization; IHC, 
